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Enhancement of the Enterocin CRL35 Activity by a Synthetic Peptide
Derived from the NH2-Terminal Sequence
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The enterocin CRL35 biosynthetic gene cluster was cloned and sequenced. The sequence was revealed to be
highly identical to that of the mundticin KS gene cluster (S. Kawamoto, J. Shima, R. Sato, T. Eguchi, S.
Ohmomo, J. Shibato, N. Horikoshi, K. Takeshita, and T. Sameshima, Appl. Environ. Microbiol. 68:3830-3840,
2002). Short synthetic peptides were designed based on the bacteriocin sequence and were evaluated in
antimicrobial competitive assays. The peptide KYYGNGVSCNKKGCS produced an enhancement of enterocin
CRL35 antimicrobial activity in a buffer system.

Antibiotic resistance has been a great concern in recent
years due to the extensive use of classical antibiotics. The
development of new classes of antimicrobial agents has be-
come increasingly important. One plausible alternative could
be the application of cationic peptides as antimicrobial sub-
stances (6). Among them, bacteriocins produced by lactic acid
bacteria have attracted increasing attention because they are
not only active in a nanomolar range but also have no toxicity
to hosts (4). On the other hand, they are ribosomally synthe-
sized peptides, which creates the possibility of improving the
characteristics of each peptide in order to enhance either their
activities or spectra of action. Thus, an essential preliminary
step should be to study the relationship between primary struc-
ture of the antimicrobial peptides and cell specificity (20). For
instance, Fimland et al. (9) described the inhibition of several
pediocin-like bacteriocins by a 15-mer fragment which spans
from the center toward the C terminus of pediocin PA-1 (9).
This finding suggests that this segment would interact with the
putative cell target of these peptides.

Enterocin CRL35 is an antilisterial pediocin-like bacteriocin
produced by Enterococcus mundtii CRL35 (previously known
as E. faecium), a strain isolated from an Argentinean artisanal
cheese (11). This compound also displays an important activity
against herpes simplex virus types I and II (18, 19).

Although the mechanism of action of enterocin CRL35 was
recently described (15), only part of the NH2-terminal se-
quence has been revealed to date (8). In the present work we
report the complete sequence of the enterocin CRL35 gene
cluster and analyze the putative function of the enterocin do-
mains.

Genetic characterization. In order to determine the nucle-
otide sequence of enterocin CRL35, several PCRs were carried
out with known enterocin primers. A PCR product with the
expected size was obtained with mundticin KS primers (12).
Total DNA from E. mundtii AT06 (kindly provided by Marjon

Bennik [3]) was used as a positive control. No results were
found with ent A, ent B, ent P, ent L50 AB, ent AS-48, and bac
31 primers (7).

The enterocin CRL35 biosynthetic cluster was amplified
with the following primers: mun1F (5� GCAAACCGATAAG
AATGTGGGAT 3�) and mun7R (5� TATACATTGTCCCC
ACAACC 3�). The resulting 3,128-bp PCR product was puri-
fied (GFX PCR DNA and Gel Band Purification kit;
Amersham Biosciences) and cloned with a Zero Blunt TOPO
PCR Cloning kit (Invitrogen). The recombinant plasmid pE35
was transformed in Escherichia coli DH10B (Stratagene, La
Jolla, Calif.), generating an E. coli strain able to produce en-
terocin CRL35 (data not shown). DNA sequencing of the
enterocin CRL35 cluster and the mundticin AT06 structural
gene were performed by the automated DNA sequencing ser-
vice from Universidad de San Martín (ATCG-Servicio de
Secuenciación de ADN, Buenos Aires, Argentina). Nucleotide
and amino acid sequence homology searches were performed
with the BLAST programs at the National Center of Biotech-
nology Information (1).

Nucleotide sequence analysis of the enterocin CRL35 gene
cluster revealed an identical gene organization (Fig. 1A) and a
high sequence identity (DNA:DNA) with the mundticin KS
cluster (12). The deduced amino acid sequence of enterocin
CRL35 (munA) exhibited two amino acid substitutions at po-
sitions 6 (A to S) and 10 (S to A) in the leader peptide (Fig.
1B). As with the mundticin KS cluster, two genes were found
in the enterocin CRL35 cluster downstream of the structural
munA gene: munB and munC, which code for the maturation
transport protein and the immunity protein, showing 96 and
98% amino acid identity, respectively, with corresponding se-
quences from mundticin KS. Sequence analysis of the mund-
ticin AT06 structural gene showed an enterocin prepeptide
100% identical to mundticin KS (Fig. 1B; accession number
P80925), indicating that the last two-amino-acid inversion (SK)
described in the originally published mature peptide sequence
was probably due to an artifact of the NH2-terminal sequenc-
ing process (3, 12).

The high similarity between enterocin CRL35 and mundti-
cin KS clusters could be the result of an evolutionarily recent
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horizontal gene transfer, considering that both clusters are
carried by plasmids (12). Southern and dot blot analyses re-
vealed that enterocin CRL35 genes are carried in a 50-kb
plasmid (data not shown). Moreover, the partial sequencing of
the enterocin CRL35 plasmid showed some genes involved in
plasmid mobilization (data not shown).

Effect of enterocin CRL35 in combination with short syn-
thetic peptides on Listeria innocua 7 viability. On the basis of
the deduced amino acid sequence, the bacteriocin and four
fragments spanning different regions of active enterocin
CRL35 were synthesized (Fig. 1C) (Bio-Synthesis, Lewisville,
Tex.). The purity of the synthetic peptides (greater than 80%)
was verified by mass spectrometry (matrix-assisted laser de-
sorption ionization–time of flight) and high-performance liq-
uid chromatography. L. innocua 7 was provided by Unité de
Recherches Laitiéres et Génetique Appliqueé, Institut Na-
tional de la Recherche Agronomique (Jouy-en-Josas, France).
The viability assays were carried out as described by McAuliffe
et al. (13). As is shown in Fig. 2, the presence of either peptide
3 (SVDWGKAIGIIGNNS) or peptide 5 (KAIGIIGNNSAA
NLA) inhibited the activity of enterocin CRL35. These results
are in agreement with those previously published by Fimland
et al. (9), suggesting the implication of this region in interac-
tion with a cellular receptor. On the other hand, the addition

FIG. 1. (A) Genetic organization of the enterocin CRL35 biosynthetic cluster. ORFs are represented by horizontal arrows. Putative promoters
(P) and transcriptional terminators (T) with a stem-loop structure are shown. Relevant restriction enzyme sites are also shown. (B) Protein
sequence alignment of mundticin KS (mun KS), mundticin AT06 (ATO06), and enterocin CRL35 (CRL35) prepeptides. The arrow indicates the
double-glycine (GG) processing site of the prepeptides. (C) Schematic representation of enterocin CRL35 and the four truncated derivatives.

FIG. 2. Effect of enterocin CRL35 (Ent) alone and in combination
with truncated derivatives on the viability of L. innocua 7 cells. Cell
viability, expressed as CFU/milliliter, was determined at the indicated
times. Results represent the averages of three independent experi-
ments. F, 0.2 nM enterocin CRL35; ■ , 500 nM enterocin CRL35 plus
peptide 2; Œ, 500 nM enterocin CRL35 plus peptide 3; �, 500 nM
enterocin CRL35 plus peptide 4; �, 500 nM enterocin CRL35 plus
peptide 5.
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of peptide 2 (KYYGNGVSCNKKGCS) enhanced enterocin
CRL35 activity. Indeed, the amount of remaining viable cells
after treatment with the combination of enterocin and peptide
2 was 10-fold lower than that after treatment of the control
with enterocin alone. The presence of peptide 4 (SAANLAT
GGAAGWKS) produced a slight inhibition of the bacteriocin
action. None of the truncated derivatives alone showed any
activity, even at concentrations as high as 100 �M.

Effect of enterocin CRL35 combined with short synthetic
peptides on the transmembrane potential of L. innocua 7. As is
the case with other bacteriocins, enterocin CRL35 dissipates
both components of the proton motive force (�p) of sensitive
cells (15). Therefore, the modification of the transmembrane
electrical potential (��) using the potential-sensitive dye 3,3�-
dipropylthiacarbocyanine iodide DiSC3 (2, 5) (Molecular
Probes, Eugene, Oreg.) was studied upon the addition of en-
terocin CRL35 alone or in combination with the peptide frag-
ments. This experiment was performed with a Shimatzu RF-
5301 PC spectrofluorometer at 30°C, with excitation and
emission wavelengths of 622 and 674 nm, respectively. Com-
plete dissipation was obtained in the presence of 1 �M vali-
nomycin. The �� depolarization induced by the bacteriocin
was greatly inhibited by peptides 3 and 5, although a slight
dissipation could be observed (Fig. 3A). On the contrary, com-
bination of enterocin CRL35 with peptide 2 produced a faster
depolarization of the electrical potential (Fig. 3A). Surpris-
ingly, even though the bactericidal activity of enterocin CRL35
was slightly affected by peptide 4, �� dissipation was inhibited
to some extent. This finding could indicate that �� depolar-
ization, which is a process generally associated with the bacte-
riocin effect, would not be the key step in the mechanism of
action of this bacteriocin. Indeed, it was recently found that
sublethal concentrations of enterocin CRL35 could dissipate
�� without altering the viability of Listeria cells (14). There-
fore, it must be stressed that although �� determination is a
useful and valuable tool, it needs to be associated with viability
experiments in order to determine the real effect of these kinds
of peptides.

The positive effect obtained with peptide 2 is more pro-
nounced at low bacteriocin concentrations (Fig. 3B). The en-

hancement of enterocin CRL35 effect on �� supports the
results found in the viability assays. To elucidate the optimum
ratio between the bacteriocin and peptide 2, different concen-
trations of the latter compound were added to keep the con-
centration of enterocin CRL35 constant at 0.2 nM. As shown
in Fig. 3C, a ratio of 100:1 (peptide 2:bacteriocin) was found to
be optimal.

Although the modifications to bactericidal activity produced
by all the peptides were detected in the experiments mentioned
above, no significant change in the enterocin CRL35 MIC was
observed. The lack of concordance between the former and
latter findings is not unexpected. Galvin et al. observed that
lacticin 3147 displayed antimicrobial activity against some
pathogenic bacteria in buffer but did not do so on agar plates,
pointing out that time kill curves would be a more accurate
method to determine the true potential of these kinds of mi-
crobicidal peptides (10). In addition, from a pharmacodynamic
point of view the MICs provide only limited information of the
kinetics of the antimicrobial action. Furthermore, the MIC
does not provide information on the rate of bactericidal activ-
ity (16).

This report constitutes the first evidence of a fragment, de-
rived from the NH2-terminal region of a pediocin-like bacte-
riocin, which enhances bacteriocin activity. The main effect of
peptide 2 would be the increase in bacteriocin killing rate.
Because this domain would be involved in the initial unspecific
binding with the membrane and would not be related to pore
formation (5, 17), a plausible explanation might be that the
first interaction of peptide 2 with the membrane would facili-
tate later binding and correct insertion of enterocin CRL35.
These findings could open a new field of research into the
development of short peptides that exert strong enhancement
on the antimicrobial activity of class II bacteriocins. The next
step would be the design of peptide 2 variants with improved
characteristics. Although further studies involving pharmaco-
kinetics as well as immunogenicity and toxicity tests must be
carried out, this interesting positive association might be suc-
cessfully used in both food preservation and medical treat-
ments.

FIG. 3. (A) Dissipation of �� induced by enterocin CRL35 alone and in combination with truncated derivatives on L. innocua 7 cells. The
results are the means of five independent experiments. F, 0.5 nM enterocin CRL35; ■ , 500 nM enterocin CRL35 plus peptide 2; Œ, 500 nM
enterocin CRL35 plus peptide 3; �, 500 nM enterocin CRL35 plus peptide 4; �, 500 nM enterocin CRL35 plus peptide 5. (B) Dissipation of ��
induced by 0.2 nM enterocin CRL35 alone (F) and the combination of pep2 plus enterocin CRL35 (ratio 100:1) (■ ) on L. innocua 7 cells.
(C) Dissipation of �� induced by enterocin CRL35 alone and in combination of different concentrations of peptide 2 on L. innocua 7 cells. AU,
arbitrary units.
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Nucleotide sequence accession number. The DNA sequence
of the enterocin CRL35 gene cluster has been deposited in
GenBank under accession number AY398693.
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